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Mapping the Subcellular Distribution of a-Synuclein in
Neurons using Genetically Encoded Probes for Correlated
Light and Electron Microscopy: Implications for Parkinson’s
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Modifications to the gene encoding human a-synuclein have been linked to the development of Parkinson’s disease. The highly conserved
structure of a-synuclein suggests a functional interaction with membranes, and several lines of evidence point to a role in vesicle-related
processes within nerve terminals. Using recombinant fusions of human a-synuclein, including new genetic tags developed for correlated light
microscopy and electron microscopy (the tetracysteine-biarsenical labeling system or the new fluorescent protein for electron microscopy,
MiniSOG), we determined the distribution of a-synuclein when overexpressed in primary neurons at supramolecular and cellular scales in three
dimensions (3D). We observed specific association of a-synuclein with a large and otherwise poorly characterized membranous organelle
system of the presynaptic terminal, as well as with smaller vesicular structures within these boutons. Furthermore, a-synuclein was localized to
multiple elements of the protein degradation pathway, including multivesicular bodies in the axons and lysosomes within neuronal cell bodies.
Examination of synapses in brains of transgenic mice overexpressing human o-synuclein revealed alterations of the presynaptic endomem-
brane systems similar to our findings in cell culture. Three-dimensional electron tomographic analysis of enlarged presynaptic terminals in
several brain areas revealed that these terminals were filled with membrane-bounded organelles, including tubulovesicular structures similar to
what we observed in vitro. We propose that a-synuclein overexpression is associated with hypertrophy of membrane systems of the presynaptic
terminal previously shown to have arolein vesicle recycling. Our data support the conclusion that a-synuclein is involved in processes associated
with the sorting, channeling, packaging, and transport of synaptic material destined for degradation.

Introduction

Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder characterized by selective loss of dopaminer-
gic neurons in the substantia nigra. Although PD is typically spo-
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radic (Braak et al., 2003), advances in genomic screening
technologies reveal an increasing number of mutations in differ-
ent genes linked to inherited forms of the disease (Zimprich etal.,
2004; Dawson et al., 2010). These heritable defects in specific
proteins, while observed only in a small percentage of PD pa-
tients, appear to collectively highlight a major cellular house-
keeping process relating to the protein degradation pathway. For
example, rare dominant mutations in a-synuclein (AS) can cause
PD. This protein accumulates in Lewy bodies, which are con-
glomerates of lipids and proteins found in the surviving neurons
of PD patients.

The gene encoding human a-synuclein (SNCA) is associated
with autosomal-dominant PD (Polymeropoulos et al., 1997;
Kruger et al., 1998; Zarranz et al., 2004). Either missense muta-
tion or allele multiplication results in early onset autosomal dom-
inant PD (Singleton et al., 2003; Chartier-Harlin et al., 2004), also
implicating AS over-expression in disease pathogenesis. Addi-
tionally, misfolded AS protein accumulates abnormally in a host
of neurodegenerative disorders, including PD, dementia with
Lewy bodies, and multiple system atrophy (for review, see Duda
etal., 2000). It is unclear whether pathogenicity results from the
presence of AS fibrils and/or oligomers or from a derangement of
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Figure 1.

Recombinant AS-EGFP-4Cys is targeted to presynaptic terminals. A, The combinatorial tag formed by EGFP and the 4Cys motif FLNCCPGCCMEP was fused to the carboxyl terminus of

human AS. B, Whole-cell lysates from HEK293 cells expressing AS-EGFP-4Cys (Ianes 1and 3) and EGFP-4Cys (lanes 2 and 4) were Western blotted with a monoclonal antibody specific for GFP (lanes
1and2) or AS (lanes 3 and 4). C, The labeling obtained with ReAsH-EDT, is specific as indicated by the colocalization with the GFP signal (displayed in yellow in the merged image). Inset at higher
magnification highlights the strong correspondence between ReAsH labeling and GFP fluorescence (arrowheads). Scale bars, 20 wm. D, Colocalization pattern of AS-EGFP-4Cys with the presynaptic

marker synapsin |. Scale bar, 20 m.

normal protein function. In mouse models or cell culture sys-
tems, AS mutations are associated with protein aggregation and
cytotoxic effects, although the mechanisms are unclear (Lee et al.,
2002; Pandey et al., 2006).

The highly conserved structure of AS, combined with results
from other analytical methods, is consistent with a functional
interaction with membranes. Specifically, the N terminus of AS is
composed of a series of repeats that encode an extended amphi-
pathic a-helix (George et al., 1995). This domain is stabilized by
interactions with phospholipid membranes (Davidson et al.,
1998) and fatty acid or detergent micelles (Weinreb et al., 1996).
PD-associated point mutations are all localized within this lipid-
binding domain. When in the membrane-bound state, the helical
conformation of AS favors specific interactions with a variety of
cellular proteins, including a —tubulin and septin4, suggesting
that AS, once incorporated into membranes, serves as a scaffold
for protein assembly (Woods et al., 2007). In vitro, AS exerts
pleiotropic effects on membranes, from inhibition of mitochon-

drial fusion to tubulation of phospholipid vesicles (Varkey et al.,
2010).

Consistent with its membrane-binding activity, several stud-
ies suggested a role for AS in synaptic vesicle trafficking. Interest-
ingly, it has been reported that AS inhibits SNARE complex
assembly via sequestration of arachidonic acid, a fatty acid that
stimulates SNARE assembly (Darios et al., 2010), while others
(Burré et al., 2010) have reported that AS promotes SNARE as-
sembly via direct interactions with VAMP2. However, the precise
sites of AS binding to cellular membranes within neurons remain
unknown. With the present study, we address this question using
novel genetically encoded probes that allow direct examination of
the distribution of AS across scales from the supramolecular
complex to the whole cell.

Materials and Methods

Molecular cloning of tetracysteine and MiniSOG constructs. cDNA encod-
ing wild-type human-a-synuclein was cloned into pCDNA3.1-EGFP-
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Figure 2.

Eand F. Scale bars, 2 um (A), T em (B), 200 nm (C~E), 100 nm (F).

tetracysteine (4Cys) and pCDNA3.1-MiniSOG. The correct constructs
were confirmed by sequencing to create pPCDNA3.1-AS-EGFP-4Cys and
pCDNA3.1-AS-MiniSOG.

Primary cell culture and transfection. For experiments with 4Cys con-
structs, primary neurons were prepared from rat hippocampus of em-
bryonic day 18 (BrainBits), and cultured on poly-p-lysine-coated
coverslips in Neurobasal medium (Invitrogen) supplemented with B27,
0.5 mM glutamine, and 25 um glutamate. Cells were transfected with
Lipofectamine 2000 (Invitrogen) at 7 days in vitro (DIV) and visualized at
14-17 DIV. For the MiniSOG studies, primary neurons were prepared
from cortex of 2-day-old Harlan Sprague Dawley rats and cultured on
poly-p-lysine-coated dishes in Neurobasal-A medium supplemented
with B27 and L-glutamine. Before plating, neurons were transfected with
the Amaxa Nucleofector protocol and imaged at 17-21 DIV.

Western blot analysis. HEK293 cells transfected with AS-EGFP-4Cys
using Lipofectamine 2000 (Invitrogen) were collected after 48 h of ex-
pression and lysed with CelLytic M (Sigma). Whole-cell lysates from rat
cortical neurons expressing AS-MiniSOG were prepared in SDS buffer
containing 4% [-mercaptoethanol, 1 mm phenylmethylsulfonyl fluo-
ride, and a protease inhibitor cocktail (Sigma). Cell extracts were sepa-
rated by SDS-PAGE and then electrophoretically transferred onto
nitrocellulose. Membranes were blocked in 4% nonfat dry milk made in
TBST (20 mm Tris, 127 mm NaCl, 0.1% Tween 20) for 1 h and incubated
with monoclonal antibodies to the AS C terminus (H3C, (Perrin et al.,
2003) or GFP (Invitrogen, anti-GFP 3E6), followed by horseradish
peroxidase-linked sheep anti-mouse Ig (GE Healthcare). The membrane
was processed for enzyme-linked chemiluminescence and exposed to
film as described by the ECL Western Blotting Kit (GE Healthcare).

Immunocytochemistry. Cultured neurons were fixed in 4% paraformalde-
hyde/PBS for 15 min, washed, permeabilized in 0.1% Triton X-100, and
blocked in 1% BSA and 2% normal serum. The primary antibodies (rabbit
anti-a-synuclein polyclonal, Millipore catalog no. AB5038; mouse mono-
clonal anti-human « synuclein (LB509), Abcam catalog no. ab27766; mouse
monoclonal anti-bassoon, Abcam catalog no. AB82958) were mixed in
blocking buffer diluted fivefold in PBS. The secondary antibodies were di-
luted in the same buffer. Images were acquired using an Olympus Flu-
0View1000 laser-scanning confocal microscope.

Photo-oxidation and EM preparation of transfected neuronal cells.
Transfected neurons plated on glass bottom culture dishes (MatTek)

FRET-based fluorescent photo-oxidation of ReAsH-labeled AS proteins expressed in neurons specifically labels mem-
branous structures in the presynaptic terminals. A—F, Neurons were transfected with AS-EGFP-4Cys, cultured for 17 days, labeled
with ReAsH, and FRET photo-oxidized to avoid nonspecific photo-oxidation of background staining. The EM staining reveals both
large tubular membranous structures (arrows) and smaller vesicular structures (arrowheads). Cand D are the same terminal, as are
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were fixed in 2.5% glutaraldehyde in 0.1 M ca-
codylate buffer, pH 7.4, for 1 h on ice, rinsed 5
times in cold cacodylate buffer, and blocked for
30 min with 10 mm KCN, 20 mM aminotria-
zole, 50 mM glycine, and 0.01% hydrogen
peroxide in cacodylate buffer. For 4Cys photo-
oxidation, transfected cells were processed as
reported by Gaietta et al. (2002). For MiniSOG
photo-oxidation, the transfected neurons were
identified using a Leica SPE II inverted confo-
cal microscope. Freshly prepared diaminoben-
zidine (DAB free base, Sigma catalog no.
D8001-10G) in blocking buffer was added to
the plate, and neurons were illuminated with
450—-490 nm light from a xenon lamp for 3—4
min until a light brown reaction product was
observed in place of the green fluorescence of
MiniSOG. Neurons were then removed from
the microscope, washed in cold cacodylate buf-
fer, and postfixed in 1% osmium tetroxide for
30 min on ice. After several washes in cold dou-
ble distilled water, cells were either en bloc
stained with 2% aqueous uranyl acetate for 1 h
to overnight at 4°C, or directly dehydrated in a
cold graded ethanol series (20%, 50%, 70%,
90%, 100%) 3 min each on ice, then rinsed
once in room temperature with 100% ethanol
and embedded in Durcupan ACM resin (Elec-
tron Microscopy Sciences). In some samples
the poststaining step in uranyl acetate was
omitted so that the specific EM signal would be
generated only by the passage in osmium to add electron density to the
DAB precipitates, which represents the AS labeling. Sections were cut
with a diamond knife at a thickness of 70-90 nm for thin sections and 250
nm for thick sections for electron tomography. Thin sections were exam-
ined using a JEOL 1200 EX operated at 80 kV.

Electron tomography. Sections were coated with carbon on both sides,
and colloidal gold particles (5 and 10 nm diameter) were deposited on
each side to serve as fiducial markers. For reconstruction, double or triple
tilt series of images were recorded at regular tilt (angular increments of 2°
from —60° to +60° increments) with a JEOL 4000EX intermediate high-
voltage electron microscope operated at 400 kV. The specimens were
irradiated before initiating a tilt series to limit anisotropic specimen thin-
ning during image collection. Tilt series were recorded using a 4k X 4k
custom high resolution slow-scan CCD camera system delivering 25%
contrast at Nyquist. Fine alignment of projections and 3D reconstruction
were performed using the TxBR reconstruction package (Lawrence et al.,
2006). This high resolution tomography reconstruction software was
used in conjunction with the IMOD package, where reconstructed image
volumes were viewed and objects of interest traced manually and re-
ported as 3D models.

Subjects. Transgenic (Tg) mice (n = 3) overexpressing human wild-
type a-synuclein (PDGF-human a-synuclein Tg mice, line D, from
Masliah et al., 2000) and their littermate wild-type controls (n = 3), 10-
to 17- month-old males, were used in this study. The mice were housed in
an accredited animal care facility (Association for Accreditation of Lab-
oratory Animal Care International) on a 12 h light/dark cycle with food
and water provided ad libitum. Animal care was in accordance with the
Guide for Care and Use of Laboratory Animals (NIH publication 865-23,
Bethesda, MD) and approved by the Institutional Animal Care and Use
Committee.

Tissue preparation. Animals were deeply anesthetized with an intra-
peritoneal injection of pentobarbital (10 mg/g body weight). Next, mice
were perfused transcardially with oxygenated Ringer’s solution at 37°C
(0.79% NaCl, 0.038% KCl, 0.20% MgCl,6H,0, 0.018% NaHPO,,
0.125% NaCHOj, 0.03% CaCl,2H,0, 0.20% dextrose, and 0.02% xylo-
caine) for ~30 s, followed by 0.1 M PBS, pH 7.4, containing 4% parafor-
maldehyde and 0.1% glutaraldehyde (37°C) for 10 min. The mouse brain
was removed and stored in same fixative for 2 h. The brains were divided
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into hemispheres, and coronal sections were
collected using a Vibratome (VT1000E, Leica
Microsystems). The left hemisphere was sec-
tioned into 100-um-thick sections for conven-
tional EM and processing for serial block face
scanning EM (SBEM). The right hemisphere
was sectioned into 70-um-thick sections, and
serial sections were placed in cryoprotectant
for immunohistochemistry.

Preparation of conventionally fixed and em-
bedded tissue samples. Vibratome sections were
placed in sodium cacodylate-buffered 1%
OsO, for 1 h. After three 5 min rinses with
double distilled water, the slices were dehy-
drated with an ethanol series (50%, 70%, 90%,
and 100%), followed by dry acetone (2 times, 5
min each). The slices were infiltrated with a
solution of 50% acetone—50% Durcupan ACM
epoxy resin (Electron Microscopy Sciences)
for 1 h and then with 100% resin (overnight).
Next, they were placed into fresh Durcupan
and transferred to a rotator for 1 h. The slices
were embedded by placing them between
two mold release-coated slides and left at
60°C for 48 h.

Preparation of fixed and embedded tissue
samples for serial block face scanning EM. One
hundred micrometer-thick vibratomed sec-
tions were washed with 0.15 M cacodylate buf-
fer with 2 mm CaCl,. Next, sections were placed
in 2% 0s0,/1.5% potassium ferrocyanide in
buffer forl h. After three 5 min washes, tissue
was placed in filtered 1% thiocarbohydrazide
(TCH) solution for 20 min. Sections were
rinsed again with ddH,O and then placed in a
2% OsO, solution for 30 min. After this second
osmium step, the sections were rinsed with
ddH,0 and left in 2% uranyl acetate aqueous
solution overnight at 4°C. Next, tissue sections
were washed with ddH,O and then dehydrated
using an ice-cold graded ethanol series of 70%,
90%, and 100% ethanol for 10 min each. Sub-
sequently, the sections were placed into ice-
cold 100% acetone for an additional 10 min,
followed by a second 100% acetone step at
room temperature for 10 min. The tissue was
infiltrated with a solution of 50% acetone—50%
Durcupan ACM epoxy resin overnight and
then placed into fresh 100% Durcupan for 2 h.
Lastly, the sections were embedded using
ACLAR and two mold-release coated glass
slides and left at 60°C for 48 h.

These data have been uploaded in the Cell
Centered Database (National Center for Mi-
croscopy and Imaging Research, La Jolla, CA)
and are available for visualization and down-
load for reanalysis both as full resolution im-
ages and 3D movies.

Results
Human a-synuclein associates with
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Figure 3.  Recombinant AS-MiniSOG localizes in presynaptic terminals. A, The MiniS0G tag was fused to the carboxyl terminus of
human ce-synuclein. B, Whole-cell lysates from rat cortical neurons expressing the fusion proteins WT-human AS-MiniSOG (lane 1) and
A53T-humanAS-MiniSOG (lane 2) were Western blotted with an antibody specific for AS and then stripped and reprobed against anti-«¢
tubulin as a loading control. €, Rat cortical neurons were transfected with human-AS-MiniSOG, cultured for 21 days, and immunostained
with an antibody specific to AS. Images represent single scans by confocal microscopy and are displayed with an inverted color table (black
is highest signal, white is no signal, i.e., background). Inset in Cis shown at higher magnification. D—G, The MiniSOG fluorescence (D,
indicated by black arrows) overlaps with the AS signal (E) and the presynaptic marker Bassoon (F), as observed in the merged image (G,
white arrows). MiniSOG is displayed in green, AS labeling in red, and Bassoon in blue. White indicates the overlap of all three channels
(displayed at higher magnification in the inset in G, white arrowheads). Scale bars, 10 m.

AS-EGFP-4Cys and the parent vector EGFP-4Cys in HEK293

tubulovesicular structures in presynaptic terminals cells, followed by immunoblot with antibodies to AS and GFP,
We generated a construct (indicated as AS-EGFP-4Cys in Fig.  respectively (Fig. 1B). The constructs, when expressed in primary
1) that directs expression of full-length human AS with  neurons, demonstrate colocalizing pattern with the presynaptic
C-terminally fused EGFP and a short 4Cys motif (FLNCCPGC-  marker Synapsin I (Fig. 1D) and thus are comparable to what has
CMEDP) that mediates binding to biarsenical ligands, such as the ~ been established for endogenous AS (Murphy et al., 2000).

red fluorescent ReAsH-EDT, (for reference, see Gaietta et al., Initial attempts at labeling AS proteins with ReAsH using the
2002). Protein expression was confirmed by transfection of  standard labeling protocol for cell lines (900 nm ReAsH-EDT,
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Multivesicular Bodies and Marked Vesicles

Figure 4. MiniSOG labeling illuminates the trafficking and degradation of AS. A, The electron micrographs show AS-MiniSOG overexpressing neurons processed for photo-oxidation of DAB into an
osmiophilic, electron-dense reaction product resolvable by EM. The darker intensity of the signal reflects the specific AS labeling. The cellular distribution of AS (top row) appears in presynaptic terminals,
specifically in synaptic vesicle membranes and inlarger tubular membranous structures (A, top row, right), similar to what is observed with the 4Cys labeling in Figure 2. In addition, we observed an accumulation
in the membrane of intraluminar vesicles of multivesicular bodies (A, top row, middle, black arrowheads, inset at higher magnification), as well as aggregations of the protein at the cell body of transfected
neuronal cells (4, top row, left, black arrows). Controls represent nontransfected rat cortical neurons processed in parallel for photo-oxidation and did not snow this pattern of labeling (bottom row, right, normal
presynaptic terminal, arrowheads in the middle panel point at a multivesicular body, with inset at higher magnification and arrows in the left panel pointing at lysosomes in a cell body). Scale bars, 500 nm. B,
Zerotiltimage from tomogram of cultured neurons expressing AS-MiniSOG processed for photo-oxidation. Extensive stained membranous elements are observed in the presynaptic terminal (highlighted in pink
tomatch the 3D model shownin €). C, Three-dimensional model from EM tomogram of same area shows plasma membrane (pink) and contiguous membranesin three different colors (blue, green, and yellow).

with 12.5 uM ethanedithiol (EDT) for 1 h) produced high back-
ground in primary cultures of neurons. To optimize the biarseni-
cal labeling in primary neurons, we ran extensive tests, varying
the dye concentration (2.5 uM, 2 uM, 1.8 uM, 1 um) and the

labeling time (30 min, 1 h, 2 h). Using increased dye concentra-
tion with decreased incubation time still yielded intense back-
ground. Thus, we tried lowering the dye concentration (0.9 uM,
0.45 pM, 0.225 uMm), prolonging the incubation time (6 h, 8 h,
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10 h, 16 h, 18 h) and increasing the EDT
(12.5 uMm, 25 um) to help reduce back-
ground staining. Results showed that neu-
rons did not survive well under overnight
labeling (1618 h) using 900 nm ReAsH-
EDT, plus 12.5 um EDT, but survived well
under overnight labeling in the presence
of lower concentrations of ReAsH-EDT,
(200—400 nMm) with higher concentration
of EDT (25 uM). Moreover, 225 nM
ReAsH-EDT, with 25 um EDT produced
the best labeling with low background and
strong staining, as indicated by the over-
lapping of signal with the EGFP fluores-
cence (displayed as the yellow color in the
merged view in Fig. 1C, with the inset rep-
resenting a view at higher magnification).

One of the advantages of the 4Cys tech-
nology using the biarsenical ligand ReAsH is
the ability to highly correlate light micros-
copy and electron microscopy (CLEM)
by fluorescence photo-oxidation. When
bound to the 4Cys motif, ReAsH becomes
fluorescent and upon intense illumination
induces the deposition of a DAB reaction
product that can be rendered electron dense
by a passage in osmium and visualized by
EM. Therefore, the EM-visible local precip-
itate reflects the specific AS labeling. In our
experiments ReAsH was indirectly excited
through fluorescent resonance energy
transfer (FRET) from GFP to avoid nonspe-
cific photo-oxidation of background stain-
ing. Figure 2 shows the FRET-mediated
photo-oxidation of ReAsH-labeled AS pro-
teins expressed in primary neurons. High
concentration of ReAsH/AS staining is ob-
served specifically in membrane-bounded
structures, both vesicular and tubular,
within the presynaptic terminals.

LI/

Cortex

Figure 5.

observed.

MiniSOG tagging illuminates the

trafficking and degradation of a-synuclein

Prompted by the success of the 4Cys technology in allowing us to
visualize the detailed subcellular tubulovesicular membrane lo-
calization of AS within the presynaptic terminals, we turned to
the new and more powerful MiniSOG molecular labeling system
for CLEM (Shu et al., 2011). This new marker system is more
sensitive than the 4Cys probe and is based on a completely new
fluorescent protein, “MiniSOG,” which, like the 4Cys and its
fluorescent ligands, has been designed to enable labeling for both
observations of dynamics in light microscope systems and subse-
quent high resolution imaging by electron microscopy. It has
several significant advantages; the MiniSOG system is a much
more powerful singlet oxygen generator, and as a singlet oxygen-
based marker system it is at least 20 times more sensitive than the
4Cys probe system. The marker is applicable for imaging both
tissue culture systems and animal tissues, whereas the 4Cys sys-
tem, which requires a second ligand to be applied, proved diffi-
cult to be used for proteins expressed in animal models of disease.
We added this label to the AS gene (Fig. 3A) and confirmed the
expression in rat cortical neuronal cultures by Western blot using
an antibody specific to AS (Fig. 3B) and by immunofluorescence

Non--Tg.Mouse._
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Immunoreactivity in transgenic mice overexpressing human ce-synuclein. Immunohistochemistry using the human
AS antibody reveals strong punctate labeling in the hippocampus, both in CA3 (stratum lucidum, SLu) and CA1 (stratum radiatum,
Rad), and in the neocortex of transgenic mice. In nontransgenic controls (littermates), no human AS immunoreactivity was

(Fig. 3C). The MiniSOG fluorescence (Fig. 3D) overlaps with the
AS antibody staining (Fig. 3E) and the presynaptic marker Bas-
soon (Fig. 3F, merged in G). The greater sensitivity of MiniSOG
compared to 4Cys provided better resolution images and
revealed more labeling of the components of the protein degra-
dation system (Fig. 4). Since this system is also based on fluores-
cence photo-oxidation, the darker intensity of the signal
observed in the electron micrographs is due to the EM-visible
local precipitate of DAB and reflects the specific AS labeling. AS
expression appeared in large membranous organelles and smaller
vesicular structures within the presynaptic terminal, consistent
with the results obtained with the 4Cys probe. In addition we
observed staining in the membrane of intraluminar vesicles of
multivesicular bodies (MVBs) along the axons and in lysosomes
at the cell body of transfected neuronal cells (Fig. 4A). Con-
versely, the controls, nontransfected neurons that underwent the
same photo-oxidation procedure, did not snow this pattern of
labeling. Three-dimensional electron microscopic tomography
highlighted intense AS staining in extensive membranous ele-
ments in presynaptic terminals of overexpressing neurons as well
as in the membrane of the vesicles (Fig. 4B). The 3D model
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A

Figure6. Presynaptic terminalsin hippocampus CA3 of AS transgenic mice show convoluted membranous structures. 4,
EM analysis using TEM in hippocampus CA3 (stratum lucidum) revealed multiple-layered membrane structures in presyn-
aptic terminals of Tg mice overexpressing human AS (top row, white arrows). The non-Tg controls (bottom row) did not
show this pattern. B, Analysis of tomographic reconstruction showed that the presynaptic terminal was filled with vesicles
and frequent membranous elements around them (left, yellow arrowheads in a tomographicslice). Synapse is indicated by
a black arrow. Scale bar, 300 nm. On the right, maximum intensity projection of tomographic reconstruction of the same
presynaptic terminal is displayed with an inverted color table (white is highest EM signal, black is no signal). Yellow
arrowheads point at membrane convolutions inside the terminal. Two synapses are indicated by the white arrows. , Using
SBEM we observed that the membrane convolutions originate from invaginations of the plasma membrane, asindicated by
the white arrow. Three-dimensional volume segmentation of SBEM datasets (image on the right) shows these membrane
perturbations inside the complete terminal (plasma membrane is in purple, postsynaptic densities in green, membrane
convolutions in magenta, blue, and orange).
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obtained from the segmented volume
(Fig. 4C) shows an example of such con-
tiguous membranes depicted in three dif-
ferent colors (blue, green, and yellow).

Enlarged presynaptic terminals in AS
transgenic mice show extensive
membranous structures and
tubulovesicular architecture

To test whether in vivo AS overexpression
is associated with intracellular membrane
systems, we analyzed transgenic mice de-
scribed previously (Masliah et al., 2000;
Rockenstein et al., 2002) that overexpress
human wild-type AS ~1.5-fold over the en-
dogenous level. We confirmed the overex-
pression of AS by immunohistochemistry
using a human AS-specific antibody. Strong
punctate labeling was observed in the hip-
pocampus and the neocortex of AS trans-
genic mice (Fig. 5), while no human AS
immunoreactivity was observed in non-
transgenic controls (littermates). We con-
sidered these areas our “hot spots” and
analyzed them at high EM resolution using
state-of-the-art transmission electron
microscopy (TEM), SBEM, and tomog-
raphy. The combination of these ad-
vanced EM tools allowed us to analyze
the 3D architecture of several brain ar-
eas of the transgenic animals with un-
precedented detail but over a large
expanse. The large datasets obtained are
available for visualization and down-
load from the Cell Centered Database
both as full resolution images and 3D
movies.

EM analysis in hippocampus CA3
(stratum lucidum) revealed perturbed
intracellular membrane systems that ap-
peared as multiple-layered membrane
structures in presynaptic terminals of AS
Tg mice (Fig. 6), while the non-Tg litter-
mate controls did not show this pattern.
These onion-like membrane convolutions
were highly represented in the mossy fiber
terminals; they often wrapped around pre-
synaptic vesicles within the terminals (Fig.
6A,B), and originated from invaginations
of the plasma membrane (Fig. 6C). Interest-
ingly, analysis of hippocampus CA1 (stra-
tum radiatum) revealed the presence of
enlarged nerve terminals in AS-Tg mice
with extensive membranous networks
forming a dense tubulovesicular architec-
ture with contiguous membrane seg-
ments stacked on each other (Fig. 7). The
non-Tg littermate controls did not show
this pattern. Similar atypical synaptic ter-
minals were found in other brain areas,
including neocortex and substantia nigra
(Fig. 8). In these areas, the enlarged termi-
nals form synapses (evidenced by post-
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synaptic densities and accumulation of
presynaptic vesicles) and presented with
extensive endomembrane network that
occupied the majority of the terminal
volume.

Discussion

In the current study we investigated,
at high resolution by 3D electron mi-
croscopy, the effects of human wild-
type AS overexpression both in vitro and
in vivo that recapitulates the clinical cir-
cumstances of increased expression of
a-synuclein associated with the patho-
genesis of sporadic as well as familial PD
(Braak et al., 2003; Singleton et al., 2003;
Chartier-Harlin et al., 2004). The success-
ful application of both the 4Cys and Mini-
SOG probes allowed us to precisely
determine the intracellular membrane
systems with which AS associates when
overexpressed in cultured neurons. Based
on our observations, AS binds to mem-
branes and directly affects membrane
dynamics, suggesting a dysfunctional
interaction of overexpressed AS with in-
tracellular membranes. Similarly, we con-
firmed accumulation of AS in membrane
systems of presynaptic terminals in vivo,
and showed for the first time at high res-
olution the existence of profound pertur-
bations of the membrane architecture of
presynaptic terminals in several brain ar-
eas, including hippocampus, substantia
nigra, and neocortex of transgenic mice,
overexpressing human wild-type AS.
These observations suggest a correlation
between structural abnormalities in nerve
terminals and synaptic dysfunction as the
substrate for neurodegeneration in PD.
Consistent with our identification of al-
terations to a presynaptic endomembrane
system associated with AS overexpression,
recent reports have suggested that similar
overexpression of AS inhibits neurotrans-
mitter release, particularly modulating
the size and dynamics of synaptic vesicle
pools. Nemani et al. (2010) reported a
reduction in synaptic vesicle clustering and the size of the
recycling pool in transgenic mice expressing AS ~3-fold over
endogenous AS. Recently, Scott and Roy (2012) reported that
excessive AS inhibits intersynaptic vesicle trafficking, influ-
encing the overall size of recycling pools at synapses and their
release probability. Thus, it is conceivable that the changes in
membrane architecture of the presynaptic terminals we ob-
served in our study might perturb the normal distribution of
synaptic vesicles and alterations in vesicle recycling machin-
ery, therefore compromising delivery of vesicles to release sites
and causing impairment of neurotransmitter release. Con-
versely, deletion of all three members of the synuclein family
(e, B, and vy) has been reported to have a dramatic effect on
synapse structure and decreased presynaptic terminal size
both in the CAl and CA3 subfields of the hippocampus

Figure7.
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Presynaptic terminals in hippocampus CA1 of AS transgenic mice show extensive tubulovesicular architecture. Com-
parison of presynaptic nerve terminals found in the hippocampus CA1 (stratum radiatum) in non-Tg (top left, reconstruction in
light blue with synapses in yellow) and AS-Tg mice (top right, reconstruction in green with synapses in red). Enlarged nerve
terminals of AS-Tg mice show extensive membranous networks (middle row, white arrowheads) and form synapses (evidenced by
postsynaptic densities and accumulation of presynaptic vesicles). Both EM analysis using SBEM (top two rows) and tomography
(bottom row) revealed large presynaptic nerve terminals filled with tubulovesicular structures similar to what we observed in vitro.
Segmentation of contiguous membrane segments from tomographic reconstruction is shown in three different colors (inset in
bottom row, right, corresponding to the area indicated by arrowheads).

(Greten-Harrison et al., 2010), suggesting a possible function
of synucleins in modulating the flow of the synaptic mem-
brane. This is in line with our observation that AS overexpression
is associated with hypertrophy of a complex endomembrane sys-
tem of the presynaptic terminal.

Recombinant AS is described as having preferential affinity for
negatively charged lipids, such as phosphatidylserine (Davidson et
al., 1998) or 50% phosphatidylglycerol/50% phosphatidylethano-
lamine (Zakharov et al., 2007). AS was shown to have a stabilizing
effect on lipid packing in small vesicles (Nuscher et al., 2004; Kamp
and Beyer, 2006) and in regulating the number of presynaptic vesi-
cles (Murphy et al., 2000), which suggests that this could be a phys-
iological function of AS. Overall, AS membrane interactions appear
to be physiologically important, and the lipid composition of the
cellular membranes may affect these interactions in vivo, which
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Figure8.  Atypical presynaptic terminalsin neocortex and substantia nigra of AS transgenic mice. A—C, Using SBEM we observed, in the
neocortex of AS transgenic mice, enlarged nerve terminals massively filled with an endomembrane network formed of tubulovesicular
structures similar to those observed in hippocampus CA1. In G, three-dimensional volume segmentation shows the enlarged terminal (light
blue) forming a synapse (postsynaptic density is in yellow, indicated by the white arrow) with a dendritic spine (magenta) compared to a
normal terminal (purple) forming a synapse with an adjacent spine on the same dendrite. D, Similarly, TEM analysis of thin sections from
substantia nigra of AS transgenic mice revealed endomembrane perturbations in presynaptic terminals characterized by extensive tubu-
lovesicular structures (arrowheads in inset at higher magnification, scale bar, 250 nm). Slim black arrow points at a synapse formed by the
enlarged terminal, while the shorter black arrow points at a synapse formed by a normal terminal.
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could explain the various membrane archi-
tectures we observed in different brain ar-
eas/neuronal cell types in AS transgenic
mice.

Our observations also support a role of
AS in synaptic membrane biogenesis and
vesicle turnover. In fact, the most striking
association of AS is with a complex net-
work or stack of tubules similar to struc-
tures previously determined to play a role
in recycling of synaptic proteins and pro-
duction of synaptic vesicles (Heuser and
Reese, 1973; Lenzi et al., 2002). The label-
ing of these core membrane structures of
the nerve terminal and nearby MVBs, as
well as labeling of interlinking vesicles,
argues strongly for a role of this presyn-
aptic membranous organelle system and
AS in retrieval and delivery of presynap-
tic constituents to the cell’s lysosomal
machinery for degradation and thus im-
plicates perturbations in this pathway
in the pathogenesis of PD and other
synucleinopathies.

In addition, the accumulation of AS in
the membrane of intraluminar vesicles
of MVBs suggests the possibility of an
exosome-associated release of AS as a
plausible mechanism of propagation of
AS pathology. The notion that AS can be
transferred from cell to cell comes from
observations in PD patients that under-
went transplantation as part of the dis-
ease treatment and showed host-to-graft
transmission of the pathology more than a
decade after transplantation. Similar find-
ings were observed also in vitro and in vivo
in transgenic mice (Danzer et al., 2009;
Desplats et al., 2009; Hansen et al., 2011;
Volpicelli-Daley et al., 2011; Luk et al.,
2012). However, the mechanism of secre-
tion of a-synuclein remains unclear. Pos-
sible routes have been proposed (Vekrellis
et al., 2011; Hansen and Li, 2012), one of
them being an exosome-mediated secre-
tion (Danzer et al., 2012). Our novel ob-
servations would therefore support this
hypothesis. Exosomes are typically ex-
pelled in the extracellular space upon fu-
sion of the MVB to the plasma membrane,
suggesting exosomal release as a way of
secreting membrane proteins meant to be
discarded or to be passed to other cells. In
the CNS, a role of exosomes has been as-
sociated with secretion of other proteins
such as prion and amyloid precursor pro-
teins (Fevrier et al., 2005; Rajendran et al.,
2006). Also, movement of MVBs to syn-
apses, fusion to the plasma membrane,
and exosome secretion have been linked
to synaptic plasticity as a way of local re-
distribution of surface receptors at syn-
apses undergoing plastic changes (for
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review, see Smalheiser, 2007; Chivet et al.,
2012). Although the neuron-to-neuron
secretion of a-synuclein at the synapse has
been recently proposed in vivo (Luk et al.,
2012), additional studies are needed to
understand the precise pathways involved
in AS transcellular spreading.

Based on our observations, we hypoth-
esized a working model where intracellu-
lar components associated with protein
degradation are decorated by overex-
pressed AS (Fig. 9). The protein is trans-
ported from the cell body to the nerve
terminals by axonal transport in a soluble,
disorganized form and associates with
membranes in the presynaptic terminal
where synaptic vesicle recycling occurs,
causing profound membrane perturbations. AS accumulates in
MVBs, which are primary lysosomes without hydrolases, possibly
perturbing the normal function of MVBs to degrade proteins.
These primary lysosomes are trafficked to the cell body by retro-
grade transport machinery, where they presumably become full-
fledged lysosomes containing AS. Overexpressed AS is seen in all
elements of this protein degradation pathway, suggesting that
this system represents the main target in PD. In PD patients,
besides the dramatic loss of dopaminergic neurons, the overall
rate of neuronal death is very low, showing slow progression over
many years. These observations suggest a mechanism distinct
from classical apoptosis and are in line with our hypothesis that
the PD pathogenesis is rooted in disruption of the complicated
intracellular machinery responsible for protein degradation.
Many of the other PD-associated mutant proteins lead to visible
changes in the function or structure of the protein degradation
pathway, reinforcing the notion that PD develops due to distur-
bances to or overburdening of subcellular mechanisms responsi-
ble for protein degradation.

Finally, despite considerable research efforts, knowledge of
the physiological function of AS is still lacking, and this repre-
sents a puzzling question in the field that requires urgent inves-
tigation to understand how deviations in its normal activity may
play a role in the various forms of neurodegeneration.

Our work supports the idea that a primary role of both the
alpha and gamma synucleins (Nguyen et al., 2011) is to associate
with subcellular components early in the sorting process, thereby
highlighting their involvement in the crucial steps of membrane
structure modification and protein collection for movement into
the first stages of the degradation process. It appears that the
synucleins accompany these products through their journey to
proteolysis, also becoming irreversibly altered along the way.

Figure 9.

Notes

Supplemental material for this article is available at http://ccdb.ucsd.
edu/index.shtm. The microscopy data have been uploaded in the Cell
Centered Database (CCDB) and are available for visualization and
download for reanalysis both as full resolution images and 3D movies.
The CCDB is a web accessible database for high resolution 2D, 3D, and
4D data from light and electron microscopy, including correlated imag-
ing. This material has not been peer reviewed.
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